We make a gradient correction to a new local density approximation form of positron-electron correlation. Then the positron lifetimes and affinities are probed by using these two approximation forms based on three electronic-structure calculation methods including the full-potential linearized augmented plane wave (FLAPW) plus local orbitals approach, the atomic superposition (ATSUP) approach and the projector augmented wave (PAW) approach. The differences between calculated lifetimes using the FLAPW and ATSUP methods are clearly interpreted in the view of positron and electron transfers. We further find that a well implemented PAW method can give near-perfect agreement on both the positron lifetimes and affinities with the FLAPW method, and the competitiveness of the ATSUP method against the FLAPW/PAW method is reduced within the best calculations. By comparing with experimental data, the new introduced gradient corrected correlation form is proved competitive for positron lifetime and affinity calculations.
I. INTRODUCTION
In recent decades, the Positron Annihilation Spectroscopy (PAS) has become a valuable method to study the microscopic structure of solids [1] [2] [3] and gives detailed information on the electron density and/or momentum distribution [4] in the regions scanned by positrons. An accompanying theory is required for a thorough understanding of experimental results. A full two-component self-consistent scheme [5, 6] has been developed for calculating positron states in solids based on the density functional theory (DFT) [7] . Especially in bulk material where the positron is delocalized and does not affect the electron states, the full two-component scheme can be reduced without losing accuracy to the conventional scheme [5, 6] in which the electronic-structure is determined by common one-component formalism. However, there are various kinds of approximations can be adjusted within this calculations. To improve the analyses of experimental data, one should find out which approximations are more credible to produce the positron state [8] [9] [10] . In this short paper, we focus on probing the positron lifetimes and affinities by using two new positron-electron correlation schemes based on three electronic-structure calculation methods. [8, 9] proposed a fitted LDA form and a generalized gradient approximation (GGA) form based on previous QMC calculation, and then applied these two forms to multiple calculations for positron characteristics in solid. However, the LDA form based on the modified one-component DFT calculation has not been studied. In this work, we make a gradient correction to the IDFTLDA form and validate these two new positron-electron correlation schemes by applying them to multiple positron lifetimes and affinities calculations.
Besides, we probe in detail the effect of different electronicstructure calculation methods on positron characteristics in solid. These methods include the full-potential linearized augmented plane-wave (FLAPW) plus local orbitals method [13] , the projector augmented wave (PAW) method [14] , and the atomic superposition (ATSUP) method [15] . Among these methods, the FLAPW method is regarded as the most accurate method to calculate electronic-structure, the ATSUP method performs with the best computational efficiency, the PAW method has greater computational efficiency and close accuracy as the FLAPW method but has not been completely tested on positron lifetimes and affinities calculations except some individual calculations [16] [17] [18] [19] . Moreover, our previous work [20] showed that the calculated lifetimes utilizing the PAW method disagree with that utilizing the FLAPW method. However, within those PAW calculations, the ionic potential was not well constructed. In this paper, we investigated the influences of the ionic pseudo-potential/full-potential and different electron-electron exchange-correlations approaches within the PAW calculations. Especially, the difference between calculated lifetimes by using the self-consistent (FLAPW) and non-selfconsistent (ATSUP) methods is clearly investigated in the view of positron and electron transfers. This paper is organized as follows: In Sec. 2, we give a brief and overall description of the models considered here as well as the computational details and the analysis methods we used. In Sec. 3, we introduce the experimental data on positron lifetime used in this work. In Sec. 4, we firstly apply all approximation methods for electronic-structure and positron-state calculations to the cases of Si and Al, and give detailed analyses on the effects of these different approaches, and then assess the two new correlation schemes by using the positron lifetime/affinity data in comparison with other schemes base on different electronic-structure calculation methods.
II. THEORY AND METHODOLOGY

A. Theory
In this section, we briefly introduce the calculation scheme for the positron state and various appproximations investigated in this work. Firstly, we do the electronic-structure calculation without considering the perturbation by positron to obtain the ground-state electronic density n e− ( r) and Coulomb potential V Coul ( r) sensed by positron. Then, the positron density is determined by solving the Kohn-Sham Eq.:
where V corr ( r) is the correlation potential between electron and positron. Finally, the positron lifetime can be obtained by the inverse of the annihilation rate, which is proportional to the product of positron density and electron density accompanied by the so-called enhancement factor arising from the correlation energy between a positron and electrons [21] . The equations are written as follows:
where r 0 is the classical electron radius, c is the speed of light, and γ(n e− ) is the enhancement factor of the electron density at the position r. The positron affinity can be calculated by adding electron and positron chemical potentials together:
The positron chemical potential µ + is determined by the positron ground-state energy. The electron chemical potential µ − is derived from the Fermi energy (top energy of the valence band) in the case of a metal (a semiconductor). This scheme is still accurate for a perfect lattice, as in this case the positron density is delocalized and vanishingly small at every point thus does not affect the bulk electronic-structure [6, 21] . In practice of this work, each enhancement factor is applied identically to all electrons as suggested by K. O. Jensen [22] . These enhancement factors can be divided into two categories: the local density approximation (LDA) and the generalized gradient approximation (GGA), and parameterized by the following equation, 
here, r s is defined by r s = (3/4πn e− ) 1/3 , ǫ is defined by
TF is the local Thomas-Fermi screening length), a 2 , a 3 , a 3/2 , a 5/2 , a 7/3 , a 8/3 and α are fitted parameters. We investigated five forms of the enhancement factor and correlation potential marked by IDFTLDA [12] , fQMCLDA [8, 9] , fQMCGGA [8, 9] , PHCLDA [23] and PHCGGA [24] , plus a new GGA form IDFTGGA introduced in this work based on the IDFTLDA scheme. The fitted parameters of these enhancement factors are listed in Table I . The LDA forms of V corr corresponding to IDFTLDA, fQMCLDA, PH-CLDA are given in Refs. [12] , [8] and [25] , respectively. Within the GGA, the corresponding correlation potential takes the form V
−αǫ/3 [26, 27] . The electronic density and Coulomb potential were calculated by using various methods including: a) the all-electron full potential linearized augmented plane wave plus local orbitals (FLAPW) method [13] as implemented in Ref. [8] being regarded as the most accurate method to calculate electronic-structure, b) the projector augmented wave (PAW) method [14] with reconstruction of all-electron and full-potential performing with greater computational efficiency and close accuracy as the FLAPW method, c) the non-self-consistent atomic superposition (AT-SUP) method [15] performing with the best computational efficiency.
B. Computational details
During the calculations for electronic-structure, three methods mentioned above are implemented in this work. For FLAPW calculations, the WIEN2k code [28] was used, the PBE-GGA approach [29] was adopted for electron-electron exchange-correlations, the total number of k-points in the whole Brillouin zone (BZ) was set to 3375, and the selfconsistency was achieved up to both levels of 0.0001 Ry for total energy and 0.001 e for charge distance. For PAW calculations, the PWSCF code within the Quantum ESPRESSO package [30] was used, the PBEsol-GGA [31] and PZ-LDA [32] approaches were also implemented for electron-electron exchange-correlations besides the PBE-GGA approach, the PAW pseudo-potential files named PSLibrary 0.3.1 and generated by A. D. Corso (SISSA, Italy) were employed [33] , the k-points grid was automatically generated with the parameter being set at least (333) in Monkhorst-Pack scheme, the kinetic energy cut-off of more than 100 Ry (400 Ry) for the wave-functions (charge density) and the default convergence threshold of 10 −6 were adopted for self-consistency. For AT-SUP calculations, the electron density and Coulomb potential for each material were simply approximated by the superposition of the electron density and Coulomb potential of neutral free atoms [15] , while the total number of the node points was set to the same as in PAW calculations. Besides, the 2 × 2 × 2 supercells were used to calculate the electron structures of monovacancy in Al and Si. To obtain the positronstate, the three-dimensional Kohn-Sham equation Eq. (1) was solved by the finite-difference method while the unit cell of each material was divided into about 10 mesh spaces per bohr in each dimension. All important variable parameters were checked carefully to achieve that the computational precision of lifetime and affinities are the order of 0.1 ps and 0.01eV, respectively.
C. Model comparison
An appropriate criterion must be chosen to make a comparison between different models. The root mean squared deviation (RMSD) is the most popular one and defined as the square root of the mean of the squared deviation between experimental and theoretical results:
1/2 , here N denotes the number of experimental values. In addition, since the theoretical values can be treated to be noise-free, the simple mean-absolute-deviation (MAD) de-
is much more meaningful to quantify the overall differences between calculated results by using various models. It is obvious that the experimental data favor models producing lower values of the RMSD.
III. EXPERIMENTAL DATA
Up to five recent observed values from different literatures and groups for 21 materials were gathered to compose a reliable experimental data set. All the experimental values for each material investigated in this work are collected basically by using the standard suggested in Ref. [57] and listed in Table II with their standard deviation. Furthermore, the materials having less than five experimental measurements and/or the older experimental data were avoided being adopted. It is reasonable to suppose that these materials having insufficient and/or unreliable experimental data would disrupt the comparison between models. Especially, the measurements for alkali-metals reported before 1975 are not suggested to be treated seriously [8] . The deviations of experimental results between different groups are usually much larger than the statistical errors, even when just the recent and reliable measurements are considered. That is, the systematic error is the dominant factor, so that the sole statistical error is far from enough and not used in this work. However, the systematic error is difficult to derive from single experimental result. So in this paper, the average experimental values of each material were used to assess the positron-electron correlation models, and the systematic errors are expected to be cancelled as in Ref. [57] . Because the observed values for defect state are insufficient and/or largely scattered, it is hard to make a clear discussion on the defect state by using these positron-electron correlation models in this short paper. Thus, except the detailed analyses in the cases of Si and Al based on three usually applied approaches for electronic-structure calculations, we mainly focus on testing the correlation models by using bulk materials' lifetime data and positron-affinity data. The experimental data of positron affinity are listed in Table V .
IV. RESULTS AND DISCUSSION
A. Detailed analyses in cases of Si and Al
Representatively, the panels (a) and (c) in Fig. 1 (Fig. 2 ) show respectively the self-consistent all-electron and positron densities on plane (110) for Al (Si) based on the FLAPW method together with the fQMCGGA form of the enhancement factor and correlation potential. It is reasonable to obtain that the panel (a) in Fig. 2 shows clear bonding states of Si while the panel (a) in Fig. 1 shows the presence of the nearly free conduction electrons in interstitial regions. To make a comparison between the FLAPW and ATSUP method for electronic-structure calculations, we also plot the ratio of their respective all-electron and positron densities in panel (b) and (d) in Fig. 1 (Fig. 2) for Al (Si). These four ratio panels actually reflect the electron and positron transfers from densities based on the non-self-consistent free atomic calculations to that based on the exact self-consistent calculations. It confirms the fact that the positron density follows the changes of the electron density which yield not a big difference in anni- hilation rate between these two calculations [15] . Now, taking more subtle analyses, the change of lifetime within the FLAPW calculation from that within the ATSUP calculation for Al is attributed to the competition between the following two factors: a) the lifetime is decreased by the translations of electrons (illustrated in Fig. 1 (b) as T e− Al ) from near-nucleus regions with tiny positron densities to interstitial regions with large positron densities, b) the lifetime is increased by the translation of positron (illustrated in Fig. 1 (d) as T e+ Al ) from core regions with large electron densities to interstitial regions with small electron densities. However, in the case of Si with bonding states, the change of lifetime depends conversely on the translations of electrons and positron: a) the lifetime is increased by the translations of electrons (illustrated in Fig. 2 Table III . In addition, the lifetimes of Si calculated by using three GGA forms of the enhancement factor show greater differences since the large electron-density gradient terms in bonding regions giving decreases of the enhancement factor can further weaken the effect of the translation T e+ Si . We calculated the bulk lifetimes for Al and Si based on the PAW method. Within the Table III, the label "PAW" without a suffix indicates that the electron-structure is calculated by using the PBE-GGA electron-electron exchange-correlations approach [29] and positron-state is calculated by using reconstructed ionic full-potential (FP), the suffix "-PZ" indicates that the PBE-GGA approach is replaced by the PZ-LDA approach [32] during electron-structure calculations, and the suffix "-PP" indicates that ionic full-potential (FP) is replaced by the ionic pseudo-potential (PP) during positron-state calculations. The ionic potential together with the Hartree potential from the valence electrons compose the total Coulomb potential in Eq. (1). It can be easily found that the better implemented PAW method by using reconstructed full-potential can give a startling agreement with the FLAPW method on the positron-lifetime calculations for Al and Si. By comparing the results of PAW and PAW-PP approach, the PAW-PP approach leads to smaller lifetimes with the differences up to 3.8 ps and 4.3 ps for Al and Si respectively. These decreases are caused by the fact that the softer potential within the PAW-PP approach more powerfully attracts positron into the near-nucleus regions with much larger electron densities. This statement is illustrated by the Fig. 3 showing the total Coulomb potential V e+ sensed by the positron based on the ionic pseudo-potential (V PP ) and reconstructed ionic full-potential (V FP ) and the corresponding calculated positron densities ρ e+ along the [100] direction between two adjacent atoms for Al (a) and Si (b), respectively. To make a further comparison, the full-potentials calculated by using the FLAPW method (V FLAPW ) are also plotted and found nearly the same as the reconstructed PAW full-potentials. This figure indicates that a change in the ionic potential approachs (FP or PP) can lead to a change of more than one order of magnitude in the positron densities near the nuclei. It should be noted that, in cases of PAW calculations with underestimated core/semicore electron densites in the near-nucleus regions [58] , the effect of overestimated positron densities based on the pseudo-potentials can be cancelled, and then excellent quality on the calculated positron lifetimes is able to be achieved. It is clear that the differences between the results of PAW-PZ and PAW are of the order of 0.1 ps, and therefore the effect of different electron-electron exchange-correlations schemes is small. More than this, we also calculated the lifetimes by using the PBEsol-GGA approach [31] which is revised for solids and their surfaces, and the similar differences of the order of 0.1 ps are also obtained compared with the PBE-GGA approach. In addition, as shown in Table III , the positron lifetimes for monovacancy in Al and Si are also calculated based on the ATSUP and PAW methods for electronic-structure calculations and six correlation schemes for positron-state calculations. The ideal monovacancy structure is used in these calculations, which means that the positron is trapped into a single vacancy without considering the ionic relaxation from the ideal lattice positions. Larger differences between the results of ATSUP and PAW are found in monovacancy-state calculations compared with that in bulk-state calculations. Besides, the IDFTGGA/IDFTLDA correlation schemes produce similar lifetime values compared with the PHCGGA/PHCLDA correlation schemes and produce much smaller lifetime values compared with the fQMCGGA/fQMCLDA correlation schemes in both monovacancy-state and bulk-state calculations.
B. Positron lifetime calculations
In this subsection we firstly give visualized comparisons between experimental values and calculated results based on different methods for electronic-structure and positron-state calculations. Within the PAW, the positron lifetimes are all calculated by using the reconstructed full-potential and certainly all-electron densities from now on. The deviations of the theoretical results from the experimental data alongwith the standard deviations of observed values for all materials are plotted in Fig. 4 . The scattering regions of calculated results by different forms of the enhancement factor are found much larger in the atom systems with bonding states compared with that in pure metal systems. Besides, the deviations of the results by using the ATSUP method from those by using the FLAPW method are mostly larger in GGA approximations compared with those in LDA approximations. Numerically, the MADs for different forms of the enhancement factor between the calculated lifetimes by using the ATSUP method and those by using the FLAPW method are shown in Table IV . These MADs range from 1.936 ps (PHCLDA) to 5.068 ps (IDFTGGA). Moreover, the well implemented PAW method is found able to give nearly the same results as the FLAPW method. Numerically, the MADs between the calculated lifetimes by the PAW method and those by the FLAPW method for different forms of the enhancement factor are also shown in Table IV . These MADs range from 0.253 ps (IDFTLDA) to 0.316 ps (IDFTGGA). This nearperfect agreement between the PAW method and the FLAPW method proves our calculations are quite credible.
Table IV also presents the RMSDs between the theoretical results and the experimental data τ * exp by using six positronelectron correlation schemes. Two interesting phenomena can be found in this table. Firstly, the RMSDs produced by the IDFTLDA scheme are always worse among the RMSDs based on three electron structure approaches, but are similar to those produced by the PHCLDA scheme. Thus, the gradient correction (IDFTGGA) to this LDA form (IDFTLDA) is needed. It is clear that the corrected IDFTGGA scheme largely improves the calculations, and performs better than the PHCGGA scheme, but is still worse than the fQMCGGA scheme. The fQMCGGA scheme together with the FLAPW method produced the best RMSD. This fact indicates that the quantum Monte Carlo calculation implemented in Ref. [11] is more credible than the modified one-component DFT calculation [12] on the positron-electron correlation. Secondly, compared to the RMSD produced by using the FLAPW/PAW method, the RMSD produced by using the simple ATSUP method is a little smaller based on the LDA correlation schemes, but is distinctly larger based on the GGA (especially fQMCGGA) correlation schemes. This phenomenon implies that the benefit of the exact eletronic-structure calculation approach (PAW/FLAPW) is swamped by the inaccurate approximation of the enhancement factor. Meanwhile, the competitiveness of the ATSUP approach against the FLAPW/PAW method is reduced based on the most accurate positron-electron correlation schemes.
C. Positron affinity calculations
The positron affinity A + is a important bulk property which describes the positron energy level in the solid, and allows us to probe the positron behavior in an inhomogeneous material. For example, the difference of the lowest positron energies between two elemental metals in contact is given by the positron affinity difference, and determines how the positron samples near the interface region. Besides, if the electron work function φ − is known, the positron work function φ + can be derived by the equation: φ + = −φ − − A + . The crystal (e.g., W metal) having a stronger negative positron work function can emit slow-positron to the vacuum from the surface and therefore be utilized as a more efficient positron moderator for the slow-positron beam.
The theoretical and experimental positron affinities for eight common materials by using the new IDFTLDA and IDFTGGA correlation schemes are listed in Table V . To make a comparison, the results corresponding to the PHCGGA and fQCMGGA schemes are also listed. During the electron structure calculation, the ATSUP method was not implemented because the ATSUP method is inappropriate for positron energetics calculations and gives much negative positron work functions [15] . Within the PAW calculations, both the PBE-GGA and PZ-LDA approaches are used for electron-electron exchange-correlations. The RMSDs between the theoretical and experimental positron affinities are also presented in Table V.
As in previous lifetime calculations, the calculated positron affinities by using the FLAPW method are also near the same as that by using the PAW method. Besides, our calculated positron affinities by using the fQMCGGA & PZ-LDA approaches are in excellent agreement with that reported in Ref. [8] with a MAD being 0.06 eV. Moreover, the differences between the RMSDs produced by using the PBE-GGA and PZ-LDA approaches, are not negligible, and the PBE-GGA approach performs mostly better than the PZ-LDA approach except the case related to fQMCGGA. In addition, the gradient correction (IDFTGGA) to the IDFTLDA form is needed to improve the performance for positron affinity calculations. Meanwhile, the IDFTGGA correlation scheme makes distinct improvement upon positron affinity calculations compared with the PHCGGA scheme which is similar to the cases of positron lifetime calculations of bulk materials. Nevertheless, the best agreement between the calculated and experimental positron affinities is still given by the fQMCGGA & PZ-LDA approaches.
V. CONCLUSION
In this work, we probe the positron lifetimes and affinities utilizing two new positron-electron correlation schemes (IDFTLDA & IDFTGGA) based on three common electronicstructure calculation methods (ATSUP & FLAPW &PAW). Firstly, we apply all approximation methods for electronicstructure and positron-state calculations to the cases of Si and Al, and give detailed analyses on the effects of these different approaches. Especially, the difference between calculated lifetimes by using the self-consistent (FLAPW) and non-self-consistent (ATSUP) methods is clearly investigated in the view of positron and electron transfers. The well implemented PAW method with reconstruction of all-electron and full-potential, is found being able to give near-perfect agreement with the FLAPW method, which proves our calculations TABLE V: Theoretical and experimental positron affinities A + (in unit of eV) based on four positron-electron correlation schemes and several electron structure calculation methods. The RMSDs between the theoretical and experimental positron affinities are also presented. Here, the PZ-LDA approach is labeled by PZ, and the PBE-LDA approach is labeled by PBE for short. are quite credible. While for ATSUP method, its competitiveness against the FLAPW method is reduced within calculations utilizing the best positron-electron correlation schemes (fQMCGGA). Then, we assess the two new positron-electron correlation schemes: the IDFTLDA form and the IDFTGGA form by using a reliable experimental data on the positron lifetimes and affinities of bulk materials. The gradient correction (IDFTGGA) to the IDFTLDA form introduced in this work is found necessary to promote the positron affinity and/or lifetime calculations. Moreover, the IDFTGGA performs better than the PHCGGA scheme in both positron affinity and lifetime calculations. However, the best agreement between the calculated and experimental positron lifetimes/affinities is obtained by using the fQMCGGA positron-electron correlation scheme. Nevertheless, the new introduced gradient corrected correlation form (IDFTGGA) is currently competitive for positron lifetime and affinity calculations.
